Abstract Scaled energy, apparent stress, seismic moments, stress drops and corner frequencies are measured through the Levenberg-Marquardt nonlinear inversion modeling of S-wave displacement spectra for 489 selected earthquakes (M w 2.05-5.52) from the 2001 M w 7.7 Bhuj earthquake sequence. The iterative inversion scheme is formulated based on the x-square source spectral model, which enabled us to estimate stable source parameters. The estimated seismic moment (M o ) and source radius (r) vary from 1.5 9 10 12 to 2.4 9 10 17 to N m and 139.1-933.9 m, respectively, while estimated stress drops (Dr) and the multiplicative factor (E mo ) values range from 0.1 to 14.4 MPa and 1.0-4.1, respectively. The corner frequencies (f c ) are found to be ranging from 1.4 to 9.3 Hz. The mean standard deviation for f c , r and Dr are estimated to be 0.7 Hz, 91.4 m and 2.9 MPa, respectively. The radiated seismic energy and apparent stresses range from 2.1 9 10 5 to 4.1 9 10 13 Joule and 0.005-8.0 MPa, respectively. Our estimated corner frequencies and seismic moments satisfy the relation -(3?e) , where e (measure for a deviation from self-similarity) is found to be 1.33 for the larger earthquakes (M o C 2 9 10 15 N m), while the parameter e is estimated to be 6.74 for smaller earthquakes (M o \ 2 9 10 15 N m). We feel that the larger value of e may require to satisfy the increasing trend of scaled energy with moment for smaller earthquakes. We also notice that stress drops increase with seismic moment, approximately as . Adding credence to this non-self-similar theory, our estimated seismic moments and source radii (r) also reveal a break in the linear self-similar source scaling at M o = 2 9 10 15 N m and r = 300 m, which is attributed to constant source radius for smaller earthquakes. Further, a comparative study between apparent stresses and static stress drops suggests a probable frictional overshoot mechanism for larger earthquakes, while smaller shocks are showing both partial stress drop and frictional overshoot 
Introduction
A long-standing question in seismology is whether the physics governing the generation of large and small earthquakes is same or different. In other words, whether earthquakes are self-similar over their entire size range? (Abercrombie 1995; Ide and Beroza 2001) . Based on the different nature of normalized radiated seismic energy associated with large and small earthquakes, Mayeda et al. (2005) proposed that earthquakes are not self-similar. The scaling relationships of smaller earthquakes with M B 3 have been the subject of considerable controversy over the last two decades (Morasca et al. 2005) . Studies of such events have shown that a constant source dimension (of about 100 m) apparently characterize these smaller magnitude earthquakes (Abercrombie 1995) . Other studies showed that this apparent breakdown in scaling could be an artifact due to near surface attenuation (Abercrombie and Rice 2005) . In 2004, Kanamori and Rivera showed that the deviation from self-similarity can be seen through a relationship between seismic moment and corner frequency as given below, 
where e represents the deviation from self-similarity and is usually thought to be a small positive number. Walter et al. (2006) and Mayeda et al. (2005) found that e to be close to 0.5 for the Hector Mine mainshock and its aftershocks using independent spectral methods. A break in self-similarity in the Hector Mine earthquake sequence has been detected by Mayeda et al. (2007) ; however, they could not conclude that either a single 'e' could describe the entire sequence or if an abrupt jump occurred around M w 5. In 2008, Malagnini and Mayeda studied the statistical uncertainty of the parameter 'e' in the Eq. (1) through better estimates of source parameters of the Hector Mine earthquake sequence using modified coda ratio technique. They showed that different faults with the same strike-slip focal mechanism can give rise to break in self-similarity. Recently, suggested that the Colfiorito (Italy) earthquake sequence can be described by the Eq. (1) with a 'e' = 1.7 ± 0.3. This extreme behavior of e has been attributed to the dynamic fault lubrication by fluid pressurization. In fact, different physical mechanisms for explaining the break in earthquake self-similarity have been discussed in the literature (Jeffreys 1942; Kanamori and Heaton 2000; Melosh 1979; Brune et al. 1993; Sibson 1973; Brodsky and Kanamori 2001) ; however, no mechanism could explain it satisfactorily. We know that the knowledge of source scaling is inevitable for accessing seismic hazard in a particular region. The present understanding of earthquake source scaling has divided the seismologists into two groups. One group believes a constantly scaled energy (=E R /M o ) (Ide and Beroza 2001; Ide et al. 2003; Pérez-Campos and Beroza 2001; Choy and Boatwright 1995; McGarr 1999; Prieto et al. 2004) , while other group advocates that radiated energy increases with M o (Abercrombie 1995; Kanamori et al. 1993; Mayeda and Walter 1996; Prejean and Ellsworth 2001; Richardson and Jordan 2002; Mori et al. 2003; Mayeda et al. 2005; Stork and Ito 2004) . In this paper, we have made an attempt to obtain stable and reliable scaling relationships of earthquake source parameter estimates for small to moderate earthquakes occurring in Kachchh, Gujarat.
Numerous attempts have been made to estimate the static stress drop for the 2001 M w 7.7 Bhuj mainshock using the locations of aftershocks (Singh et al. 2004; Bodin and Horton 2004) . Negishi et al. (2001) obtained a static stress drop ranging from 12.6 to 24.6 MPa, for an equivalent source radius varying from 20 to 25 km. But, Bodin and Horton (2004) calculated a static stress drop of 16.0 ± 2 MPa over a rupture area of 1,300 km 2 . Singh et al. (2004) suggest that a frictional sliding model with an average dynamic stress drop of about 12 MPa and the ratio of rupture to shear wave velocity of 0.7 could satisfactorily explain the source complexity observed for the 2001 Bhuj mainshock. Based on waveform modeling, Antolik and Dreger (2003) proposed a stress drop value of 20.7 MPa with a small fault length of 45 km for the 2001 Bhuj mainshock. Mandal and Johnston (2006) and Mandal and Dutta (2011) noticed a break in linear scaling between stress drops and seismic moments for Bhuj earthquakes at M o = 10 14.5 N m and M o = 10 15.3 N m, respectively. The continued aftershock activity for more than 12 years, further, demonstrates the source complexity involved in generating these deeper earthquakes. Thus, this large variation in estimated source parameters of Bhuj mainshock suggests that the study of source parameters of earthquakes occurring in the Kachchh rift zone became an important issue because of their continued nature as well as deeper origin (focal depths *10 to 40 km).
Our approach in this paper is to improve the reliability and stability of source parameter estimates by inverting the S-wave displacement spectra using a Levenberg-Marquardt nonlinear inversion technique wherein the inversion scheme is formulated based on the xsquare circular source model of Brune (1970) . This approach is similar to that used by Fletcher (1995) to analyze spectra of the Oroville, California, USA, earthquake sequence for estimating source parameters and crustal Q values, wherein a singular value decomposition (SVD) was used for inversion. For our study, we use earthquake data with good S/N ratio, which provide good and stable SH-wave displacement spectra using the SEISAN software. We used a frequency-dependent attenuation relation [Q(f) = 102f 0.98 (Mandal et al. 2004 )] coupled with a linear geometrical spreading factor (1/R) up to 100 km distances to correct our SH spectra from attenuation and path effects. Then, we examine these spectra using the above-discussed inversion method to determine stable and reliable earthquake source parameters including corner frequency and radiated energy. These reliable estimates enabled us to study the earthquake scaling for the 2001 Bhuj earthquake sequence. All of our results indicate a break in scaling at log 10 (M o ) = 15.3, which suggests different rupture processes associated with smaller (M w B 4.1) and larger Bhuj earthquakes.
Attenuation characteristics, seismic network and aftershock data
In this study, we use 2000 high-quality seismograms (with a high signal-to-noise (S/N) ratio and a sampling rate of 100 sps) of 489 Bhuj earthquakes recorded (within 100 km distance from the epicenters) at 3-10 short-period/broadband digital mobile seismograph stations. These earthquakes of moment magnitude 2.95-5.8 were recorded in 2001 and 2011-2012 , by the close digital Kachchh seismological network of National Geophysical Research Institute (NGRI), Hyderabad. For our study, we use 40 earthquakes of M w 3.0-5.8, which occurred in 2001 and remaining 449 earthquakes have occurred during 2011-2012. In 2001, the network was consisting of six 3-component short-period and two 3-component broadband seismographs, while the network during 2011-2012 was consisting of ten 3-component broadband seismographs (Fig. 1) . Each seismograph is equipped with a 24-bit Reftek recorder (with an external hard disk of 2 GB and GPS timing system). During this period, the stations were situated between latitude 23.24°N-23.87°N and longitude 69.72°E-70.37°E. All seismograph stations were installed on the hard sediment resulting in good signal-to-noise ratio. The P-and S-arrival times were recorded from the network enabled us to obtain a better estimation of hypocentral parameters (error in epicentral location\2 km, focal depth estimation\6 km and rms of P-residual \0.3 s). A strong Sp converted phase appearing 0.7-1.1 s prior to the S-arrival, which is generated from the sedimentary-basement transition, characterizes the seismograms for Bhuj earthquakes (Mandal 2007) . To avoid the influence of Sp converted phase on the event location, we picked strong S-phase on the instrumentally corrected horizontal components of seismograms leaving the weak beginning of the S-wave train.
3 Location, delineation and characterization of the causative fault Initial aftershock locations ( Fig. 1) are obtained using the program HYPO71Pc (Lee and Valdes 1985) and the modified average one-dimensional crustal velocity model (Mandal 2007 ). The velocity model consists of six layers, the tops of which are at 0.0, 2.0, 10.0, 16.0, 29.0 and 40.0 km, with P-wave velocities of 2. 92, 5.93, 6.18, 6.40, 6 .97 and 8.20 km/ s, respectively. The distance between station and epicenters varies from 5 to 90 km. This network provides an azimuthal gap of less than 180°. The average location rms was 0.03 s. The mean horizontal and vertical single 68 % confidence estimates are 1.5 and 2.5 km, respectively, for the earthquakes occurring in the Kachchh rift zone.
Next, these initial aftershock locations are relocated using the JHD technique (Pujol 1988 ) and the above 1-D velocity structure (Mandal 2007) . For JHD, the V p /V s ratio is fixed at 2.5 for the upper sedimentary layer (0-2 km depth), whereas for other crustal layers (2-40 km depth) a V p /V s ratio is fixed at 1.73. The JHD relocations of earthquakes (Fig. 2a) suggest only modest differences in the epicentral distribution in comparison with the initial aftershock locations. Nonetheless, the mean uncertainty in epicentral location is reduced from 1,500 to 500 m, while the focal depth uncertainty is reduced from 2,500 to 1,000 m. The distribution of relocated hypocenters shows that most of the events are mainly clustered within an E-W trending crustal volume below the main rupture zone of the 2001 Bhuj mainshock, which extends 55 km in N-S (from latitude 23.25°N to 23.75°N), 45 km in E-W (from longitude 70.0°E to 70.55°E) and 35 km in depth (from 1 to 36 km) (Fig. 2a) . However, a few events are clustered along the Gedi Fault (GF), while some scattered events are also located along the ABF and IBF (Fig. 2a) . The N-S hypocentral depth distribution of earthquakes suggests a marked concentration along the south dipping NWF (Fig. 2b) . The upward projection of this south-dipping plane (i.e., NWF, north Wagad fault) touches the ground surface at Burudia village (*23.6°N) and extending along Wagad uplift (Fig. 2a) . This result is in good agreement with the geological trenching data of McCaplin and Thakkar (2003) . The strike of the aftershock zone agrees well with the south-dipping E-W striking nodal plane of the mainshock (Bodin and Horton 2004) . However, the E-W cross-section shows a marked change (*10 to 15 km) in seismogenic depth across the main rupture zone of the 2001 Bhuj mainshock (Fig. 2c ). This change in seismogenic change could be attributed to the lateral variation in maficness across the main rupture zone (Mandal and Pandey 2010) .
The P-and S-station corrections (Table 1) are also estimated from the JHD relocation of earthquakes (Pujol 1988 ). The positive P-station corrections show a maximum of ?0.44 s at MAL, while the negative P-station corrections attain a maximum of -0.25 s at GDD. But, the positive S-station corrections suggest a maximum of ?0.49 s at TPM, while the negative S-station corrections reach a maximum of -0.59 s at SKL. A positive (negative) station correction indicates that the observed travel time is longer (shorter) than that calculated from a given velocity model, suggesting that the actual velocity structure is slower (faster) than the given velocity model used in earthquake location. 
Methodology for estimating earthquake source parameters
First, we calculate the instrumental response for each of the broadband seismograph station using RESP program of the SEISAN software wherein information of pole-zero files of the sensor, A/D conversion factor of the digitizer and Galvanometer constant of the sensor are being used to estimate amplitude and phase responses of the seismograph system. Then using the SEISAN software, we obtain the instrumentally corrected digital seismograms by deconvolving the instrumental responses of the respective seismograph stations from them. Next, we compute the S-spectra from the horizontal components of seismograms using the in-build interactive spectral analysis option of the SEISAN software (Havskov and Ottemoller 2003) , wherein a correction for the frequency-dependent quality factor (Q) (Q(f) = 102 f 0.98 , Mandal et al. 2004 ) coupled with a linear geometrical spreading function g(R) = R -1 for hypocentral distances up to 100 km is applied. Next, these spectra are used as input data for the Fletcher's simultaneous inversion technique for estimating earthquake source parameters, wherein the Levenberg-Marquardt inversion method is used instead of singular value decomposition technique as used by Fletcher (1995) . This two-stage technique is discussed below:
In the first stage, we estimate displacement S-wave spectra from horizontal components of three-component digital recordings, using spectral technique in-built in the SEISAN software (Havskov and Ottemoller 2003) . After obtaining the required spectra with low noise level (S/N ration is high enough), we use it as the input data for the Levenberg-Marquardt inversion modeling. The Levenberg-Marquardt algorithm combines beneficial aspects of Gauss-Newton and steepest descend methods, which facilitates the faster convergence of the solution. First, we select the initially guessed values for the corner frequency and long-period spectral level from the respective spectra. Next, we use these initial values to calculate the inverted spectra using the x-square source spectral model. Then, the normalized difference between inverted and observed spectra is calculated. The iteration continues until this difference converges to a minimum value, which gives a better visual fit between observed and inverted displacement spectra that provides us the required model parameters, i.e., corner frequency and long-period spectral level. Finally, using these model parameters, we calculate the other source parameters such as source radius, static stress drop, seismic moment and moment magnitude, using empirical relations.
Inversion procedure
Taking the attenuation factor in account the spectral amplitudes at a hypocentral distance R from the source can be written as,
where A 0 is the amplitude at source, Q 0 is the dimensionless frequency-independent Swave quality factor, f is the frequency, c is the geometrical spreading and V s is the S-wave velocity.
The exponential term can be written as,
where V s is constant. The Eq. (2) can be linearized by taking natural logarithm of both sides and assuming c = 1 (Fletcher 1995) .
Thus A 0 , the source term can be written as,
Substitution of Eq. (3) into Eq. (2) and t* = 0 yields
The B 4 term is expanded in a Taylor series as a Newton-Raphson's method for finding roots of nonlinear equations (Press et al. 1992 ) and yields the final equation
'R' term is dropped because of the fact that the formula for the moment is corrected from the geometrical spreading effect. Using least-squares algorithm with several iterations solves the model parameters. The error is minimized in least-squares sense by solving
The model parameter matrix M, sensitivity matrix G and data matrix D are
Using Newton's method for quasi-linear equation
where DM is the change in model parameters and DD is the difference between predicted data and observed data. The solution is found iteratively 
where DD is the difference between the predicted and observed data, k is LevenbergMarquardt adjustable damping parameter and I is the identity matrix. The LevenbergMarquardt method is selected because (i) it combines beneficial aspects of Gauss-Newton and gradient methods, while avoiding some of their weaknesses, (ii) the solution converges quickly, and (iii) in many cases a standard guess works well. In this study, k value varies from 1 to 100.
Estimation of source parameters
After obtaining model parameters from the above-mentioned inversion technique source parameters as moment, source radius and stress drop are estimated using some empirical equations. These equations are
where 'V s ' and 'q' are the S-wave velocity in m/s and rock density in kg/m 3 at the source, respectively. Here, we calculate 'q' from V p [= (0.32V p ? 0.77), where V p is P-wave velocity in m/s (Berteusen 1977) ]. And, P 0 and f c mark the long-period spectral level (in m s) and corner frequency (in Hz), respectively. 'R' is the hypocentral distance in m, while 'F' represents the free surface amplification factor, which is assumed to be 2. And, the radiation factor (R hu ) is considered to be 0.55 for the Kachchh region (Singh et al. 2004; Mandal and Johnston 2006) , where deformation mode is mainly dominated by reverse faulting. The estimated 'M o , ' 'r' and 'Dr' are in 'N m,' 'm,' and 'MPa,' respectively. And, the moment magnitude is estimated using the equation given below: 
Moment rate spectra
The moment rate spectra can be computed using the relation (Dutta et al. 2003) given below:
where S oi (f) is the S-wave displacement source spectra, _ M oi f ð Þ is the moment rate spectra, q o and q si are the densities at the source and recording site. F(=2) represents the free surface effect. b o and b si are the shear wave velocities at the source and recording site. R is the hypocentral distance. (2pf) accounts for the velocity spectral data. And, we have assumed q o = 2,000 m/s and b o = 700 m/s. Based on the focal depth of each event, the values of b si and q si in Eq. (5) have been assigned from the Kachchh velocity model (Mandal 2007 ) and the velocity-density conversion relation of Berteusen (1977) , respectively.
Radiated seismic energy
The radiated energy (E R ) for Orowan (1960) 's model is estimated using the following relation:
where l is the rigidity modulus (*3.3 9 10 10 N/m 2 ), M o is the seismic moment in N m and Dr is the estimated stress drop in MPa.
Following the relation of Vassiliou and Kanamori (1982) , we evaluated S-wave energy (E si ) associated with each earthquake in the frequency range of 0.2-25 Hz using following formula (Dutta et al. 2003 ):
where A is = (15pq 1 a 1 5 ) -1 ? (10pq 1b1 5 ) -1 and a 1 is the P-wave velocity at the source region. The estimated E R from Eq. (17) is generally underestimated due to the use of frequency band limited spectral data. The attenuation correction is already incorporated while calculating the normalized displacement spectra (i.e., deconvolved from the background noise spectra) using the SEISAN software as discussed earlier.
Apparent stress
We estimate the model independent apparent stress using the relation,
where E si is estimated from Eq. (18). M oi is in N m. And, l is the rigidity modulus in MPa. Here, we calculate l from the 1-D P-velocity and S-velocity structure of the Kachchh region (Mandal 2007 ).
Zuniga parameter (e z )
Now we know that three simple idealized cases of earthquake rupture processes (viz. Orowan's model, overshoot model and partial stress drop model) can be studied using static stress drop and apparent stress values (Singh and Ordaz 1984) i.e., r a [ ½Dr=2:0 In 1993, Zuniga proposed a parameter called e z to describe above-discussed three models for earthquake rupture processes. This Zuniga parameter can be written as,
The case e z \ 1.0 represents the partial stress drop model, while e z [ 1.0 describes the overshoot model. Here we estimated Zuniga parameters for our static stress drop and apparent stress estimates. Estimated hypocentral and source parameters for each event are listed in Tables S1 and  S2 , respectively (available in the electronic supplement to this article).
Error analysis
Here, we analyze the error in source parameters by estimating the standard deviation and mean of moment (M o ), source radius (r) and stress drop (Dr). We also calculate the standard deviation for the corner frequency (f c ) and frequency-independent quality factor Q 0 . The average seismic moment and source radius are estimated by the equations given below (Archuleta et al. 1982) :
The standard deviation of the log moment are calculated using the equation mentioned below,
We also estimate multiplicative error factor using equation as given below
Similarly, we calculate the average and the standard deviation for source radius, corner frequency and quality factor. Finally, the standard deviations of stress drops are estimated using the equation as given below (Fletcher et al. 1984) :
From the above discussion, the standard deviation of moment, corner frequency, source radius, stress drop and factor E mo have been estimated for 489 selected Bhuj earthquakes, which are recorded on three or more stations. The maximum standard deviation in corner frequency, stress drop and source radius are 1.65 Hz, 6.6 MPa and 0.20 km, respectively (Table S2 , available in the electronic supplement to this article). The mean values of standard deviation in corner frequency, stress drop and source radius are 0.7 Hz, 2.85 MPa and 91.37 m, respectively (Table S2 , available in the electronic supplement to this article). For the standard deviation of 1.65 Hz in corner frequency leads to the standard deviation of 0.2 MPa in stress drop (Table S2 , available in the electronic supplement to this article).
Results and discussions
Our estimated source parameters suggest that the seismic moment (M o ) and source radius (r) of 489 selected earthquakes of M w 2.05-5.52 are varying from 1.5 9 10 12 to 2.4 9 10 17 to N m and 139.1 to 933.9 m, respectively, while estimated stress drop (Dr) and the multiplicative factor (E mo ) values range from 0.09 to 14.35 MPa and 1.0 to 4.12, respectively. The corner frequencies vary from 1.4 to 9.3 Hz. The radiated seismic energy and apparent stresses range from 2.1 9 10 5 to 4.1 9 10 13 Joule and 0.005-8.0 MPa, respectively. The scaled energy (E s /M o ) ranges from 2.9 9 10 -7 to 1.8 9 10
-4 . To demonstrate the stability of our S-wave spectra of different magnitude earthquakes estimated at different stations, we present sixteen S-wave spectra of 11 events with the moment magnitude varying from 2.0 to 5.5, which are estimated at eleven stations, i.e., BCH, NAG, TPM, GDD, JMN, SIV, BHU, LOD, SKL, RPR and GDM. The date, time, magnitude and corner frequency of events and adjustable damping parameter (k) used for the Levenberg-Marquardt inversion of S-wave spectra are also shown in Figs. 3a-g and 4a-h. For this study, the sampling rate of broadband data is 50 sps; thus, the maximum frequency content of spectra is defined by the Nyquist frequency (sps/2), i.e., 25 Hz. The BCH and SIV stations (out of eleven stations considered here) are situated on the hard Jurassic sediments, which is clearly reflected by the stable nature of S-wave spectra for earthquakes of M w [ 3.0 as seen from Figs. 3e-g and 4a-h. Our JHD relocations also show smaller P-station and S-station corrections for BCH and SIV stations. However, the spectra for smaller earthquakes of M w B 3.0 show some abrupt changes in spectral amplitude at 1-9 Hz (Fig. 3a-d) . From the S-wave spectra at all stations except SIV and BCH, an abrupt fluctuation in the spectra is noticeable at 0.2-3.0 Hz (Figs. 3, 4) , which could be associated with the site amplification caused by low-velocity sediments at 0.2-3.0 Hz (Mandal et al. 2008) . The abrupt changes in spectral amplitudes could also be attributed to large station corrections as obtained for other stations except SIV and BCH (Table S1 , available in the electronic supplement to this article). Three spectra at three short-period stations (viz. SKL, RPR and LOD) for three 2001 events of M w 4.4-5.0 are shown in Fig. 4e -g, which shows no signal prior to 1 Hz that could be attributed to the 1-Hz natural frequency for short-period instrument.
The main finding of our study is that our estimated seismic moments (M o ) and corner frequencies (f c ) are showing a clear deviation from the self-similarity as suggested by Kanamori and Anderson (1975) and Hanks (1977) . Thus, they are not satisfying the scaling relation
. Now, we know the deviation from the self-similarity can be measured in terms of parameter 'e,' which was introduced by Kanamori and Rivera (2004) in the above equation, i.e., M o ? f c -(3?e) for e B 1. Next, to estimate the parameter 'e' for our Fig. 3 Log-log plot of spectral amplitude of S-wave (in ms) and frequency (in Hz). Estimated S-wave spectra (solid black line) and modeled spectra from inversion (dotted gray line) for the Bhuj aftershocks at different broadband sites a for an M w 2.48 event at NAG, b for an M w 2.64 event at TPM, c for an M w 3.0 event at BCH, d for an M w 3.21 event at GDD, e for an M w 3.26 event at JMN, f for an M w 3.58 event at SIV and g for an M w 3.83 event at BCH. The date of occurrence, origin time, moment magnitude, corner frequency and corresponding adjustable damping parameter (k) used for Levenberg-Marquardt inversion of S-wave spectra for each event are shown. A black arrow showing the corresponding corner frequency (f c ) for each event is also shown data, we plot the estimated corner frequencies (f c , in Hz) with seismic moments (Mo, in N m) in log-log scale (Fig. 5) . The calculated corner frequencies range from 1.4 to 9.3 Hz. What is also obvious from Fig. 5 is that the relation between corner frequency and seismic moment can be separated in two regions. For larger events with M o C 2 9 10 15 N m, our estimated corner frequency and seismic moment satisfies the relation
, where e is found to be 1.33. But, for events with seismic moment smaller than about 2 9 10 15 N m, the logarithmic regression of source radius and seismic moment has a e of 6.748, which is larger than the expected e = 3.0 for a constant stress drop. We feel that the larger value of e may require to satisfy the increasing trend of scaled energy with moment for smaller earthquakes. Thus, this observation indicates that seismic moments of smaller to moderate size earthquakes in the Kachchh region do not exhibit a constant stress drop scaling. The mean standard deviation or error in corner frequency is estimated to be 0.7 Hz (Table S2 , available in the electronic supplement to this article). Our results suggest that the value of e could be more than 1 that is contrary to the suggestion made by Kanamori and Rivera (2004) , which could be related to decrease in fault friction due to the dynamic fault lubrication or fluid pressurization processes in the fault zone (Mayeda and Walter 1996; Andrews 1986 ). This would lead to a reduction in the size of source radius (r); thereby, f c needs to increase. Consequently, dynamic stress drop and radiated seismic energy will increase; thus, the seismic moment stays constant. Thus, our results indicate that there is a transitional change in the scaling relationship with the size of earthquakes. This result is consistent with the recent observation for the Chi-Chi, Taiwan, sequence (Mayeda and Malagnini 2009 ).
The log-log plot between seismic moments and corner frequencies yields an adequate trend for events with M w [ 4.1 with e = 0.5 and 1 (Fig. 6) , which suggests that the M o versus f c relation with e = 0.5 and 1 is well within the scatter and is acceptable. However, for smaller earthquakes with e = 0 the scatter in data is large. The logarithmic of the estimated seismic moments are plotted against the logarithmic of source radius with the constant stress drop lines (Fig. 7) , which shows that the source radii for smaller events (M o B 2 9 10 15 N m) are weakly dependent on event size, compared with larger events (M o [ 2 9 10 15 N m) where source radii increase with increasing moment (Fig. 7) . This seems to suggests that a critical source radius may exist for intraplate earthquakes that would characterize the lower part of the magnitude range. We observe a break in the linear self-similar source scaling at M o = 2 9 10 15 N m and r = 290 m that is attributed to constant source radius for smaller earthquakes. The estimated error or standard deviations in source radii are found to be ranging from 0.05 to 201 m.
In Fig. 8 , we plot static stress drops (in MPa) and seismic moment (in N m) in log-log. The calculated stress drops are found to be varying from 0.1 to 14.4 MPa. The standard deviations of stress drops are found to be 0.002-6.6 MPa (Table S2 , available in the electronic supplement to this article). We notice that the relation of stress drop and seismic moment can be separated into two regions above and below about 2 9 10 15 N m in moment, as the source radius and corner frequency relation with seismic moment. We notice that stress drop ( ); thus, the stress drops become less dependent on the moment for the larger events. This model gets further support from the works of Mandal and Johnston (2006) and Mandal and Dutta (2011) , who, based on their source parameter study of Bhuj earthquakes, suggested a similar break in linear scaling between M o and Dr at log 10 M o = 14.5 and log 10 M o = 15.3, respectively. A similar break in self-similarity of the 2001 Bhuj aftershock sequence has also been noticed by . Thus, we can infer that our results are in good agreement with the findings of other studies in the region. We feel that this break in source scaling could be attributed to the almost constant source radii of smaller shocks, which, in turn, suggests a local stress/fluid controlled rupture mechanics for smaller shocks. Now, we know that the ratio e (* E s /M o ) is approximately 5 9 10 -5 for large earthquakes, but it is approximately a factor of 10 smaller at M w * 3 and a factor of 100 smaller at M w * 1 (Kanamori and Rivera 2004) . Results for even smaller earthquakes show even smaller values of e (Jost et al. 1998; Richardson and Jordan 2002) . Ide and . Gray solid squares represent events, which have occurred during 2011-12, while, dark gray solid circles mark the events, which have occurred in 2001 suggested that this behavior of e could be due to the inadequate correction for path effects or the limited instrumental passband. Figure 9 shows a variation of our estimated energy-to-moment ratio (E s /M o ) with seismic moments (in N m) with lines of different e values. Figure 10 shows the plot of the total seismic energy versus seismic moment along with the lines of constant E S /M o values. This suggests that the energy may vary for a given seismic moment. Both Figs. 9 and 10 suggest that a systematic increase in scaled energy with size for larger earthquakes, while this behavior between E s and M o seems to be scatter for smaller earthquakes (M w \ 4.1). Thus, we can infer that larger events radiate more seismic energy per unit fault slip than small ones, which implies the rupture dynamics of small and large events differ (Abercrombie and Rice 2005) . For earthquakes with (M w [ 4.1), the scaling relation between e and M w for e B 1 is well within the scatter of data and is acceptable. However, we also notice relatively large scatter in data for smaller events with M w \ 3 that demands larger value of e ([1.0). Figure 11 showed a variation in apparent stresses (r a ) with Brune's static stress drop (Dr) estimates, wherein the relation r a = 0.43Dr (Singh and Ordaz 1984) is also shown. Our apparent stress estimates are found to be lower than static stress drops for 75 % of the selected Bhuj earthquakes. Remaining 25 % earthquakes show r a [ Dr. The departure of some events from the expected ratio r a = 0.43Dr is due to higher corner frequencies of the spectra, which render higher stress drops than expected given the apparent stress. Next, we carry out a comparative study between apparent stresses and static stress drops that suggests a frictional overshoot mechanism for larger shocks, which do not depart widely from Orowan's model (Fig. 12) , while smaller shocks are showing both partial stress drop and overshoot mechanisms. The fewer numbers of Bhuj earthquakes are showing partial stress drop model. Our study shows that most of the selected Kachchh earthquakes are showing frictional overshoot mechanism. These observations are contrary to the global observations (Zúñiga 1993) . It is worth discussing here that Zúñiga (1993) considered reservoir triggered, subduction zone and intraplate earthquakes for their study; however, they did not consider any rift zone associated lower crustal intraplate earthquakes. Thus, we can infer that lower crustal rift associated intraplate earthquakes such as 2001 Bhuj earthquake sequence may follow the frictional overshoot mechanism, which is also consistent with fluid flow triggered earthquake model in Kachchh.
Conclusions
We investigated the seismic source scaling through inversion modeling of S-wave spectra of 489 events (M w 2.05-5.52) from the 2001 Bhuj earthquake sequence. The main finding of our study is that our estimated seismic moments (M o ) and corner frequencies (f c ) are showing a clear deviation from the self-similarity as suggested by Kanamori and Anderson (1975) and Hanks (1977) . Our estimated corner frequencies and seismic moments satisfy the relation Mo ? f c -(3?e) , where e is found to be 1.33 for the larger earthquakes (M o C 2 9 10 15 N m), while the parameter e is estimated to be 6.74 for smaller earthquakes (M o \ 2 9 10 15 N m). We feel that the larger value of e may require to satisfy the increasing trend of scaled energy with moment for smaller earthquakes, which could be attributed to the local stress/fluid flow controlled rupture mechanisms of smaller shocks. Although the self-similar scaling relation, e = 0, has been widely used for strong ground motion simulations (e.g., Irikura 1983; Frankel 1995; Zeng et al. 1994) , however, our study reveals that strong non-self-similarity, e = 1.33, is required to explain the strong motion characteristics associated with larger earthquakes (M o C 2 9 10 15 N m) of the 2001 Bhuj earthquake sequence. This result indicates that the estimate of the scaling parameter is important to assess a more realistic and reliable seismic hazard, especially for the specific regions like Kachchh, Gujarat, India, where self-similar scaling is not applicable.
Our estimated static stress drops and seismic moment also suggest a break in selfsimilarity. We notice that stress drops increases with seismic moment, approximately as 15 N m). Interestingly, our estimated seismic moments and source radii (r) also reveal a break in linear self-similar source scaling at M o = 2 9 10 15 N m and r = 290 m, which is attributed to constant source radius and local stress regime controlled rupture mechanism for smaller earthquakes.
The scaling relation of our estimated scaled energy versus seismic moment shows more interesting features suggesting the transitional behavior between the seismic moment and scaled energy (Figs. 9, 10 ). The scaled energy increases linearly with increasing seismic moment between about M w 4.1 and M w 5.52, whereas for the events smaller than log 10-M o = 15.3, the scaled energy decreases monotonically showing values[10 times less than 5 9 10 -6
. Our observation clearly shows that the large earthquakes over M w C 4.1 have different rupture dynamic properties from the small earthquakes. Although smaller and larger earthquake groups have more or less constant scaled energy, the scaled energy for larger earthquakes is much larger than that for smaller events. In between those two groups, we found that the scaled energy is gradually increasing. This observation may imply that the different rupture dynamics associated with smaller and larger earthquakes. We feel that the rupture dynamics of the larger event is more sensitive to stresses induced by regional plate compression, while the rupture dynamics of smaller events is mainly driven by the local stress regime/fluid flows associated with the fault zone. And, we propose that the uninterrupted occurrences of smaller events due to local stress perturbation in the fault zone make large earthquakes different from small ones in terms of their rupture dynamics and the efficiency of seismic energy radiation.
Our apparent stresses are found to be lower than static stress drops for 75 % of the selected Bhuj earthquakes. Remaining 25 % earthquakes show r a [ Dr. Based on the nature of estimated Zúñiga's (1993) parameter, we infer that most of the selected Kachchh earthquakes are showing frictional overshoot mechanism. Based on our study, we propose that moderate size lower crustal rift associated intraplate earthquakes such as 2001 Bhuj earthquake sequence may occur following the frictional overshoot mechanism (fluid flow controlled), while smaller events in the KSZ may occur following both partial stress drop and frictional overshoot mechanisms (fluid flow controlled). Therefore, we propose that the rupture mechanism of larger earthquakes in Kachchh is possibly controlled by stresses (induced by regional plate tectonic forces) and fluid flow in the fault zone, while the same for smaller events probably depends on fluid flow and stresses associated with the asperities in the fault zone. We also suggest that the relations developed in this study could be useful for accessing the seismic hazard in the region.
